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A 1.25-kbp DNA fragment from the right side of the genome containing the lytic origin of replication (oriLyt)
of murine gammaherpesvirus 68 (MHV-68) has been identified by a plasmid replication assay. Here we show
that a mutant MHV-68 with a deletion of an essential part of this oriLyt, generated by using an MHV-68
bacterial artificial chromosome, was only slightly attenuated and still able to replicate but that a mutant
containing an additional deletion on the left side of the genome was replication deficient. The newly identified
region was sufficient to support plasmid replication, thus providing evidence for a second oriLyt.
Murine gammaherpesvirus 68 (MHV-68) is a member of the
gammaherpesvirus subfamily and is closely related to Kaposi’s
sarcoma-associated herpesvirus (KSHV) and Epstein-Barr vi-
rus. Since there are no good animal models for KSHV and
Epstein-Barr virus, MHV-68 serves as a model to investigate
gammaherpesvirus pathogenesis in vivo (8, 14–16, 18). Since
MHV-68 replicates well in tissue culture, it is a good model to
study early stages of gammaherpesvirus infection as well as
mechanisms controlling viral replication during the lytic cycle.
Using in vitro plasmid replication assays which were carried
out in the presence of viral replication proteins, Deng and
colleagues mapped one lytic origin of replication (oriLyt) to a
1.25-kbp region in the right side of the MHV-68 genome (7).
The 1.25-kbp sequence between nucleotides 100,723 and
101,974 was shown to be responsible for replication, and nu-
cleotides 101,248 to 101,974 were identified as being absolutely
essential.
To evaluate the impact of the reported oriLyt, we generated
a mutant genome with a deletion in its essential part, using an
MHV-68 bacterial artificial chromosome (BAC) (1). We gen-
erated this BAC mutant (mutant A) (Table 1) lacking nucle-
otide positions 101,530 to 101,731 by a two-step replacement
procedure which does not leave behind any foreign sequence
(3, 13). For this purpose, the HindIII D fragment of MHV-68
(9) was cloned into the shuttle plasmid pST76K-SR. Subse-
quently, nucleotides 101,530 to 101,731 were removed from
this fragment by digestion with SfiI and BspEI, followed by
blunting of the ends and religation. Surprisingly, we were able
to reconstitute a mutant virus which was only slightly attenu-
ated. This finding suggested the presence of a second oriLyt in
MHV-68.
The structure of the MHV-68 oriLyt is similar to that in
KSHV, which contains two oriLyts, with one on either side of
the genome, sharing an almost identical 1,153-bp sequence and
a 600-bp GC-rich downstream repeat sequence (2). In contrast
to the case for KSHV, such a duplicated oriLyt sequence has
not been identified in the left side of the MHV-68 genome (7).
However, MHV-68 contains a GC-rich 40-bp repeat sequence
in the left side of the genome (nucleotides 26,778 to 28,191)
(17). In addition, the genomic coordinates 101,765 to 101,624
(belonging to the essential part of the oriLyt) have been found
to be70% identical to coordinates 26,232 to 26,374 (5). Thus,
we hypothesized that the 40-bp repeat and the adjacent se-
quences at the left side of the genome may contain a putative
second oriLyt of MHV-68. To identify this second oriLyt, we
generated additional mutants with deletions both at the left
and at the right side of the genome (Table 1). In mutant B, we
deleted the 40-bp repeat, and in mutant C, we deleted the
40-bp repeat and the adjacent sequences at the left side. Mu-
tant B was created by “ET cloning” as described previously
(19). To this end, a linear PCR fragment containing an FLP
recombination target-flanked tetracycline (Tet) resistance cas-
sette was generated from vector pCP16 (4), using a primer pair
that contained 24 nucleotides for amplification of the Tet re-
sistance gene and an additional 50 nucleotides homologous to
sequences flanking the region to be deleted. This PCR product
was transferred into the MHV-68 BAC by homologous recom-
bination in Escherichia coli strain DH10B already containing
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TABLE 1. MHV-68 BACs used in this study














FIG. 1. Generation of MHV-68 oriLyt mutants. (A) Scheme of the mutants generated. “P” indicates the probes used for Southern blot analysis,
corresponding to nucleotides 25,097 to 25,833 (P1), 101,141 to 102,045 (P2), and 101,443 to 102,699 (P3). (B) Restriction enzyme and Southern
blot analyses of BAC DNAs digested with the restriction enzyme SacI and hybridized with probes P1 and P2. (C) Restriction enzyme and Southern
blot analyses of BAC DNAs digested with the restriction enzyme KpnI and hybridized with probe P1. (D) Restriction enzyme and Southern blot
analyses of BAC DNAs digested with the restriction enzyme BglII and hybridized with probe P3. Lanes P and A to E, parental and mutant BACs,
as indicated in panel A and Table 1. The expected fragments are indicated by arrows on the right. Marker (M) sizes (in kilobase pairs) are indicated
on the left.
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the MHV-68 BAC and the plasmid pKD46, which expresses
Red recombinase under the control of a regulated (L-arabi-
nose-inducible) promoter (6). Successful recombination led to
the replacement of the 40-bp repeat of MHV-68 with a Tet
resistance gene. Subsequently, the Tet resistance cassette was
removed, resulting in a deletion between nucleotides 26,778 to
28,191 and leaving a small residual insert consisting of an FLP
recombination target site and short vector sequences in the
disrupted region. Mutant C was also generated by “ET clon-
ing,” resulting in a deletion between nucleotides 26,059 and
28,191. To further evaluate the impact of the deletions in
mutants B and C, respectively, we constructed the double de-
letion mutants D and E by combining both of the single dele-
tions at each side of the genome in one BAC plasmid. All
mutant genomes were verified by restriction enzyme analysis
with different enzymes, Southern blot analysis, and sequencing
(Fig. 1A to D).
To investigate whether the mutations affected the reconsti-
tution and replication of the appropriate viruses, we used the
fact that all of the constructed BAC plasmids contained the
gene for green fluorescent protein (GFP) expressed by a cyto-
megalovirus promoter (1). Thus, the spread of infectious virus
within the culture could be followed by monitoring the number
of GFP-positive cells. To this end, we transfected permissive
BHK-21 cells with 2 g of BAC DNA of each BAC to be
investigated (Table 1) by using Superfect (QIAGEN, Hilden,
Germany). Subsequently, we determined the number of GFP-
positive cells over time. Recombinant viruses could be recon-
stituted, as determined by the spread of infectious virus in the
cultures from all but one of the BAC-cloned genomes (Fig. 2).
After transfection of the BAC DNAs into BHK-21 cells, the
single deletion mutants A, B, and C could be reconstituted into
infectious viruses, similar to the parental genome, indicating
that the mutated regions are not essential for the reconstitu-
tion of infectious virus in cell culture. The double deletion
mutant D did spread very slowly compared to the single mu-
tants, indicating that the double deletion did heavily impair but
not completely prevent virus reconstitution and replication.
After transfection of BAC DNA of double deletion mutant E,
a similar number of GFP-positive cells was observed initially.
However, no further increase was observed and the GFP-
positive cells were lost after a few passages, indicating that no
infectious virus could be reconstituted. Since we failed to re-
constitute this virus from BAC DNA in numerous attempts, we
concluded that the deletion of both regions in the same BAC
genome resulted in a complete replication deficiency.
To further investigate the in vitro growth properties of the
FIG. 2. Kinetics of GFP expression after transfection of permissive
BHK-21 cells with BAC DNAs of different mutants. Cells were trans-
fected with 2 g of BAC DNA. At the indicated time points, cells were
harvested and passaged. A part of the harvested cells was used to
determine the number of GFP-positive cells by fluorescence-activated
cell sorting analysis. Since there was a dilution effect due to passaging
of the cells, the numbers of GFP-positive cells in some samples
dropped temporarily below the detection limit, followed by their re-
appearance after virus replication reached an appropriate extent. Re-
combinant viruses could be reconstituted, as determined by increasing
numbers of GFP-positive cells in the cultures, from all BAC-cloned
genomes except for the double deletion mutant E. The asterisks indi-
cate the time points when the particular cell cultures were stopped due
to massive viral cytopathic effects. The dashed line indicates the de-
tection limit, which was defined on the basis of the background fluo-
rescence of untransfected BHK-21 cells. Below this limit, it is not
possible to differentiate between specific and unspecific fluorescence.
The pictogram schematically illustrates the mutants investigated. Data
shown are from a representative experiment which was repeated twice
with similar results.
FIG. 3. Multistep growth properties of MHV-68 mutants. NIH 3T3
cells were infected at a multiplicity of infection of 0.01 at 37°C. After
1 h of adsorption at 37°C, the inoculum was removed and fresh me-
dium was added. Cells and supernatants were harvested at the indi-
cated time points, and viral titers were determined by plaque assay.
The pictogram schematically illustrates the mutants investigated. Data
shown are mean values compiled from up to three independent exper-
iments.
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FIG. 4. Kinetics of GFP expression after cotransfection of permissive BHK-21 cells. (A) Cells were transfected with 2 g of BAC DNA of the
double deletion mutant E, the double deletion mutant D, or the single deletion mutant A and, in cases of cotransfections, were additionally
transfected with 4 g of plasmid DNA carrying an unmutated genomic fragment spanning the mutated region. Cotransfection with either one or
both such plasmids led to the reconstitution of infectious virus, as determined by an increase in the number of GFP-positive cells over timer after
transfection. At the indicated times, cells were harvested and passaged. A part of the harvested cells was used to determine the number of
GFP-positive cells by fluorescence-activated cell sorting analysis. The asterisks indicate the times when the particular cell cultures were stopped
due to massive viral cytopathic effects. The dashed line indicates the detection limit, which was defined on the basis of the background fluorescence
of untransfected BHK-21 cells. The pictogram schematically illustrates the mutants investigated, with the unmutated genomic fragments used for
cotransfections represented as light and dark gray bars. Data shown are from a representative experiment which was repeated once with similar
results. (B) (Top) PCR strategy to determine the presence or absence of either the wt or mutated genomic fragment in the genomes of the
reconstituted viruses after cotransfection of BAC DNA of the double deletion mutant E with overlapping unmutated fragments spanning the
mutated regions, as illustrated in the pictogram in panel A. The arrows indicate the primer pairs used for PCR amplification. For the left side of
the genome, PCR amplification results in a PCR product of 706 bp in the case of the wt genome but in no PCR product (due to the lack of the
primer binding sites) in the case of the mutant genome. For the right side of the genome, PCR amplification results in a PCR product of 623 bp
in the case of the wt genome and in a PCR product of 422 bp (due to the 201-bp deletion) in the case of the mutant genome. (Bottom) Virion
DNAs were isolated from viruses reconstituted after cotransfection with either one or both of the fragments indicated in panel A, and the presence
or absence of either the wt or mutated genomic fragment was investigated by PCR. Lanes 1, negative control (water); lanes 2, parental BAC; lanes
3, mutant E; lanes 4, mutant E plus cotransfection with the fragment spanning the deletion at the right side; lanes 5, mutant E plus cotransfection
with the fragment spanning the deletion at the left side; lanes 6, mutant E plus cotransfection with both fragments. As expected, the wt pattern
for the left side was restored after cotransfection with the left-side fragment or both fragments but not with the right-side fragment, and vice versa,
i.e., the wt pattern for the right side was restored after cotransfection with the right-side fragment or both fragments but not with the left-side
fragment.
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different mutants, virus stocks were generated from all recon-
stituted viruses. Multistep growth experiments were conducted
by infecting NIH 3T3 cells at a multiplicity of infection of 0.01.
Infected cultures were harvested at the indicated time points
after infection, and infectious virus in each culture was titrated
by plaque assays on BHK-21 cells. The single deletion mutants
A, B, and C showed a similar growth pattern to that of the
parental virus, although mutant A did so with slightly delayed
kinetics. In contrast, the double deletion mutant D showed
a replication deficit of approximately 2 orders of magnitude
(Fig. 3).
To prove that the lack of infectious virus after reconstitution
of double deletion mutant E was due to the two deletions and
not to rearrangements outside the mutated regions, cotrans-
fection experiments were performed. Permissive BHK-21 cells
were cotransfected with 2 g of BAC DNA of the double
deletion mutant E and 4 g of pST76K-SR-derived plasmid
DNA carrying unmutated genomic fragments of the mutated
regions (1). Cotransfection with either one or both of the
plasmids led to the reconstitution of infectious virus, as deter-
mined by an increase in the number of GFP-positive cells over
time after transfection (Fig. 4A). Thus, the unmutated frag-
ments were able to rescue the phenotype of double deletion
mutant E. Since origins of replication can act only in cis, the
reconstitution of infectious virus after cotransfection indicated
that the ori-containing unmutated genomic fragments recom-
bined into the viral genome. To formally prove that these
recombination events actually occurred, we employed a PCR
strategy, as illustrated in Fig. 4B. In all cases, cotransfection of
the unmutated genomic fragments resulted in an output virus
which was revertant, as demonstrated by the reappearance of
PCR products corresponding to wild-type (wt) virus (Fig. 4B).
The reconstitution of infectious virus (revertants) after co-
transfection with the unmutated genomic fragments addition-
ally clearly indicated that the observed phenotype of mutant E
was not due to rearrangements outside the mutated regions.
Next, we tested whether the newly identified region was suffi-
cient to support the replication of a plasmid by performing a
plasmid-based replication experiment as described by others
(7). A 6.9-kb fragment of MHV-68 (nucleotide positions
21,383 to 28,336) containing the region of interest was cloned
into the vector pST76K-SR (6.3 kb) (1) to generate the plasmid
pST76K-SR-Ori. To test this construct, 1.5 g of plasmid DNA
was transfected into 293 cells in six-well plates, and 24 h after
transfection, the cells were either left uninfected or infected
with wt MHV-68 at a multiplicity of infection of 0.1 to provide
the trans factors required for viral DNA replication (7). Sev-
enty-two hours after infection, extrachromosomal DNAs were
prepared according to the Hirt method (12). The DNAs were
digested with DpnI (which cuts only the unreplicated input
plasmid DNA) and KpnI or AflII. The latter two enzymes cut
at unique sites in both the input and replicated plasmids. The
digested DNAs were analyzed by Southern blotting with a
digoxigenin-labeled probe hybridizing to vector pST76K-SR
(Fig. 5). In contrast to the empty vector, both vector pST76K-
SR-Ori and the positive control vector replicated successfully
in infected cells, as demonstrated by the presence of 13.2-kb
and 14.7-kb fragments, respectively, that were resistant to di-
gestion with DpnI. There was no replication in uninfected
cells, indicating that replication was dependent on factors ex-
pressed in trans during lytic infection. Thus, the plasmid-based
replication assay complements our mutagenesis data and pro-
vides additional evidence that the newly identified region con-
tains a second oriLyt of MHV-68.
The presence of two lytic origins of replication and the
functionality with only one oriLyt copy is reminiscent of the
case for other gammaherpesviruses (2, 10, 11). To our knowl-
edge, this study is the first that addresses the function of the
MHV-68 oriLyt in the viral context. Understanding the repli-
cation elements is crucial for the further development of
MHV-68 as an important experimental system to study the
pathogenesis of gammaherpesviruses.
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